Background {#Sec1}
==========

Type I interferons IFNα and IFNβ (IFN-I) are pleiotropic cytokines that were originally identified as viral replication suppressor. However, IFN-I function has since been extended to cancer suppression \[[@CR1]--[@CR5]\] and IFNα is now approved for the treatment of both solid and hematologic tumors \[[@CR6]--[@CR8]\]. Unlike the type II interferon IFNγ, which exhibits restricted expression in activated T cells and NK cells \[[@CR9]\], there are 14 isoforms of IFNα \[[@CR10]\] that are expressed in hematopoietic cells, particularly in dendritic cells (DCs), whereas IFNβ is expressed in most cell types \[[@CR11]\]. The mechanism underlying IFN-I function in tumor suppression is currently an extensively studied subject and it has long been thought that IFN-I suppresses tumor development through their intrinsic functions in tumor cells. Indeed, IFN-I regulates the expression of various genes that modulate tumor cell growth, proliferation, migration, apoptosis, tumor antigen expression, and immune checkpoint-mediated immune suppression \[[@CR12]--[@CR18]\]. In human cancer patients, the tumor cell autologous IFN-I signaling controls cancer response to chemotherapy \[[@CR1]\], and mutations in mediators of the IFN-I signaling pathways in tumor cells confer human cancer non-response to immune checkpoint inhibitor immunotherapy \[[@CR19], [@CR20]\].

Recent breakthroughs in immune checkpoint inhibitor cancer immunotherapy demonstrated the critical role of activated T cells in host cancer immunosurveillance. T cells are the main adaptive immune cells that directly target tumor cells for lysis \[[@CR21]--[@CR23]\]. It is well documented that IFN-I deficiency leads to increased tumor incidence \[[@CR24]\] and IFN-I regulates dendritic cell priming of T cells to execute tumor suppressive activity \[[@CR25]\]. Therefore, in addition to the tumor cells, T cell might be another target of IFN-I in regulation of anti-tumor immune response. However, the intrinsic function of IFN-I in regulating T cell activation and cytotoxicity in the context of host cancer immunosurveillance is largely unknown. We report here that the intrinsic IFN-I signaling pathway is essential for CTL effector function in tumor suppression and human colorectal carcinoma may use down-regulation of the IFNAR1 on CTLs to impair CTL effector function to evade host cancer immunosurveillance. Our findings thus extend IFN-I function to CTLs in host cancer immunosurveillance.

Methods {#Sec2}
=======

Mice and human specimens {#Sec3}
------------------------

IFNAR1 knock out mice \[B6(Cg)-*Ifnar1*^*tm1.2Ees*^/J (IFNAR1-KO) were obtained from Jackson Laboratory (Bar Harbor ME). Mice with IFNAR1 deficiency only in T cells (IFNAR1-TKO) were created by crossing *Ifnar1*^*fl*^ (B6(Cg)-*Ifnar1*^*tm1.1Ees*^/J) mouse with B6.Cg-Tg (*lck-cre*)548Jxm/J mouse (Jackson Laboratory). SJL (B6.SJL-*Ptprc*^*a*^ *Pepc*^*b*^/BoyJ) and female C57BL/6 mice were obtained from the Jackson Laboratory. The control and experiment groups are age and sex-matched mice. Use of mice was performed according to approved protocols by institutional animal use and care committee. Peripheral blood samples were collected from consented healthy donors in Shepheard Community Blood bank. Human colon cancer patient blood specimens were collected from consented patients in Georgia Cancer Center under approved protocol by Augusta University Institutional Review Board.

Mouse tumor models {#Sec4}
------------------

Sarcoma was induced by injecting methylcholanthrene (MCA, 100 μg/mouse in peanut oil, Sigma-Aldrich, St Louis, MO) to mice subcutaneously.

Mixed bone marrow chimera mouse model and immunizations {#Sec5}
-------------------------------------------------------

Mixed BM chimera mice was created as previously described \[[@CR26]\] using BM cells from SJL and IFNAR1-KO mice (at 1:1 ratio of SJL: IFNAR1-KO) (Additional file [1](#MOESM1){ref-type="media"} Figure S2). Mice were immunized with the 2W1S peptide (EAWGALANWAVDSA) to activate CD4^+^ T cells \[[@CR27]\] and with the OVA peptide (SIINFEKL) to activate CD8^+^ T cells \[[@CR28]\] as previously described and analyzed for antigen-specific T cells as previously described \[[@CR26]\].

Tumor cell lines {#Sec6}
----------------

Murine colon carcinoma MC38 cells were characterized as previously described \[[@CR29]\].

Antibodies and reagents {#Sec7}
-----------------------

Fluorescent dye-conjugated antibodies that are specific for CD45, CD4, CD8, and Zombie violet were obtained from Biolegend (San Diego, CA). pSTAT1 inhibitor Fludarabine \[[@CR30]\] and pSTAT3 inhibitor Stattic \[[@CR31]\] were obtained from Santa Cruz. The 2W1S and OVA tetramers were provided by the NIH Tetramer Core Facility (Emory University, GA). The cells were stained with 0.15 μl 2W1S and 0.25 μl OVA tetramers. All the antibodies and reagents are listed in Additional file [1](#MOESM1){ref-type="media"} Table S1.

Analysis of DNA-protein interactions by electrophoretic mobility shift assay (EMSA) {#Sec8}
-----------------------------------------------------------------------------------

Tumor-specific 2/20 CTLs were maintained as previously described \[[@CR32]\]. T cells were cultured with recombinant IFNα, and IFNβ, respectively for 1 h for nuclear extract preparation. The WT pSTAT3 consensus probe forward sequence is 5′- GATCCTTCTGGGAATTCCTAGATC − 3′ and reverse sequence is 3′- CTAGGAAGACCCTTAAGGATCTAG-5′ (Santa Cruz Cat\# sc-2571). The pSTAT3 mutant probe forward sequence is 5′- GATCCTTCTGGGCCGTCCTAGATC-3′ and reverse sequence is 3′-CTAGGAAGACCCGGCAGGATCTAG-5′ (Santa Cruz cat\# sc-2572). The end-labeled pSTAT3 probe were incubated with nuclear extracts and analyzed by EMSA as previously described \[[@CR33]\].

Gene expression and Western blotting analysis {#Sec9}
---------------------------------------------

Gene expression was analyzed using RNA and gene-specific primers in the StepOne Plus Real-Time PCR System (Applied Biosystems). The PCR primers are: mouse *Gzmb* forward 5′- GCCCACAACATCAAAGAACAGG-3′, Gzmb reverse 5′-CGTATCAGGAAGCCACCGCAC-3′; mouse β-actin forward 5′- TGAAGGTGACAGCAGTCGGTTG-3′, β-actin reverse 5′- GGCTTTTAGGATGGCAAGGGAC-3′. Western blotting analysis was performed as previously described \[[@CR34]\]. Antibodies are listed in Additional file [1](#MOESM1){ref-type="media"} Table S1.

Analysis of immune gene expression in CTLs {#Sec10}
------------------------------------------

Tumor tissues were digested with collagenase, followed by incubation with anti-CD8 mAb-coated magnetic beads (Biolegend), and separation by a magnetic stand. RNA was purified from cells bound to the beads. WT and IFNAR1-KO CD8^+^ T cells were also isolated from OVA peptide-vaccinated mice by cell sorting and used for RNA purification. RNA was hybridized overnight with reporter and capture code set using the Nanostring immunology gene panel at 65 °C and analyzed on an nCounter instrument according to the manufacturer's instructions. Digital images are processed within the nCounter instrument, and the Reporter Probe counts were tabulated in a comma separated value (CSV) format for convenient data analysis with NanoString's free nSolver™ Analysis Software V.3.

Statistical analysis {#Sec11}
--------------------

All statistical analysis were performed by two-sided Student *t* test using the GraphPad Prism program (GraphPad Software, Inc.). *p* \< 0.05 is considered as statistically significant.

Results {#Sec12}
=======

IFNAR1 is down-regulated in CTLs of human colon cancer patients {#Sec13}
---------------------------------------------------------------

IFNAR1 mediates all isoforms of IFN-I signaling. Analysis of TCGA dataset revealed that the IFNAR1 expression level is significantly down-regulated in human colon carcinomas as compared to the normal colon tissues (Fig. [1](#Fig1){ref-type="fig"}A). The tumor tissue is a mixture of tumor cells and immune cells, we then compared IFNAR1 protein level on CD8 ^+^ T cells from healthy donors and colon cancer patients. The IFNAR1 protein level is significantly lower on CD8^+^ T cells from human colon cancer patients as compared to that from healthy donors (Fig. [1](#Fig1){ref-type="fig"}B&1C). These findings indicate that CTLs in human colon cancer patients are deficient in IFN-I signaling.Fig. 1IFNAR1 is down-regulated in CTLs of human colon cancer patients. **a**. IFNAR1 mRNA expression level data was extracted from TCGA Colon Cancer (COAD) dataset using GEPIA Gene Expression Profiling Interactive Analysis (GEPIA) Cancer Genomics Browser. The IFNAR1 expression level between human colon carcinoma tissues (*n* = 380) and adjacent normal tissues (*n* = 51) were compared. **b**. PBMCs were isolated from peripheral blood specimens of healthy donors (*n* = 10) and colon cancer patients (*n* = 20), stained with CD8- and IFNAR1-specific antibodies, and analyzed by flow cytometry. CD8^+^ T cells were gated for IFNAR1 receptor level (MFI). Shown are representative IFNAR1 MFI histograms of CD8^+^ T cells from one healthy donor (left panel) and one colon cancer patient (right panel). Staining with IgG isotype antibody was used as negative control. **c**. Quantification of CD8^+^ T cell IFNAR1 MFIs of healthy donors and cancer patients. Each dot represents IFNAR1 MFI of one donor or patient

IFN-Ι suppresses tumor development through a T cell-dependent mechanism {#Sec14}
-----------------------------------------------------------------------

Because IFNAR1 mediates all isoforms of IFN-I signaling, our above findings suggest that human colon carcinoma might use down-regulating IFNAR1 to impair IFN-I signaling in CTLs to evade immune surveillance. To determine IFN-I function in CTLs in anti-tumor immune response, we sought to determine IFN-I function in tumor development. WT and IFNAR1-KO mice were injected with MCA and monitored for tumor development. About 40% of WT mice developed tumor 14 weeks after MCA injection. In contrast, all IFNAR1-KO mice developed tumors (Fig. [2](#Fig2){ref-type="fig"}A). Furthermore, the IFNAR1-KO tumor grew significantly faster than the WT tumor from 12 weeks to 14 weeks (Fig. [2](#Fig2){ref-type="fig"}A). To determine IFN-I function in the immune component of the tumor microenvironment, The IFNAR1 sufficient MC38 tumor cells were then transplanted to WT and IFNAR1-KO mice. In this model, only host immune cells are deficient in IFNAR1. As in the WT and IFNAR1-KO tumor-bearing mice, the MC38 tumor grew significantly faster in the IFNAR1-KO mice than in the WT mice from 10 days to 18 days after tumor injection (Fig. [2](#Fig2){ref-type="fig"}B). These findings indicate that IFN-I suppresses tumor development at least in part through an immune cell-dependent mechanism.Fig. 2IFN-I suppresses tumor growth via an immune cell-dependent mechanism. **a**. WT (*n* = 10) and IFNAR1-KO mice (*n* = 5) were injected with MCA at the right flank (100 mg/mouse in peanut oil). Tumor growth was monitored over time starting at week 10. Two IFNAR1-KO mice developed tumor at 56 days after MCA injection and were sacrificed on day 86 due to tumor size limitation of the animal use protocol before the end of the experiment. Only 4 of the 10 WT mice developed tumor. Three of the WT and three of the IFNAR1-KO mice developed tumor around 10 weeks after MCA injection. One WT mouse developed tumor 90 days after MCA injection. Shown are tumor images from the three pairs of WT and IFNAR1-KO mice that developed tumor at about the same time (left panel). Tumor incidence is presented at the middle panel. Tumor growth kinetics in the three pairs of WT and IFNAR1-KO mice as shown in the right panel. \* *p* \< 0.05. \*\* *p* \< 0.01. **b**. Murine colon carcinoma MC38 cells were injected to WT (*n* = 5) and IFNAR1-KO (*n* = 5) mice. Mice were monitored for tumor size starting at day 10 and sacrificed 18 days after tumor cell injection. Shown are tumor images (left panel) and tumor growth kinetics (right panel). \*\* *p* \< 0.01. **c**. MC38 cells were injected s.c. to WT mice (*n* = 10) and mice with IFNAR1 deficiency only in T cells (IFNAR1-TKO, *n* = 5). Tumor formed in 3 of the 10 WT and 5 of the 5 IFNAR1-TKO mice. Shown are tumor image (left panel) and tumor growth incidence (middle panel). Tumor growth kinetics of the tumors as shown in the right panel. \* *p* \< 0.05

To determine whether IFN-I acts in T cells to suppress tumor development, we next created mice with IFNAR1 deletion only in T cells (IFNAR1-TKO). IFNAR1-TKO mice showed no differences in T cell profiles as compared to WT mice, and NK cell number is significantly higher in IFNAR1-TKO mice as compared to WT mice, albeit at a small degree (Additional file [1](#MOESM1){ref-type="media"} Figure S1). MC38 tumor cells were transplanted to WT and IFNAR1-TKO mice. MC38 cells formed tumor in about 30% of the WT mice. In contrast, tumor formed in all IFNAR1-TKO mice (Fig. [2](#Fig2){ref-type="fig"}C). Furthermore, the established tumor grew significantly faster and bigger in IFNAR1-TKO mice as compared to the WT mice (Fig. [2](#Fig2){ref-type="fig"}C). These findings thereby indicate that IFN-I suppresses tumor growth at least in part through regulating T cell function in the tumor microenvironment.

Immune cell profiles in the tumor-bearing mice {#Sec15}
----------------------------------------------

We next analyzed T cells in the MC38 colon tumor model as shown in Fig. [2](#Fig2){ref-type="fig"}B. There is small difference in spleen CD8^+^ T cells between tumor-free WT and IFNAR1-KO mice. No significant difference in lymph node and spleen CD4^+^ and no significant difference in lymph node CD8^+^ T cell levels between the tumor-free WT and IFNAR1-KO mice were observed (Fig. [3](#Fig3){ref-type="fig"}A). There is also no significant difference in CD4^+^ and CD8^+^ T cell levels in the spleens of tumor-bearing WT and IFNAR1-KO mice (Fig. [3](#Fig3){ref-type="fig"}B). The tumor-infiltrating CD4^+^ T cell levels decreased significantly in the tumor-bearing IFNAR1-KO mice as compared to the WT tumor-bearing mice (Fig. [3](#Fig3){ref-type="fig"}C & D). However, there is no significant difference in tumor-infiltrating CD8^+^ T cell level between the WT and IFNAR1-KO mice (Fig. [3](#Fig3){ref-type="fig"}C & D). No significant difference was observed in tumor-infiltrating CD11b^+^Gr1^+^ MDSCs levels between WT and IFNAR1-KO mice (Fig. [3](#Fig3){ref-type="fig"}C & E). These observations indicate that IFN-I play no essential role in CTL tumor infiltration and differentiation.Fig. 3Type I interferon and immune cell profiles in the tumor microenvironment. **a.** Spleen cells from tumor-free mice were stained with CD4- and CD8-specific mAbs and analyzed by flow cytometry. Shown are representative flow cytometry plots. The % CD4^+^ and CD8^+^ T cells were quantified and presented at the right panel. **b**. Cells were prepared from spleens of the MC38 tumor-bearing WT (*n* = 5) and IFNAR1-KO (*n* = 5) mice as shown in Fig. [2](#Fig2){ref-type="fig"}B. Top panel shows gating strategy for spleen cells. Single cells were gated out for live and dead cells. The live cells were gated for CD4^+^ and CD8^+^ T cells as in A. **c**. Gating strategy for tumor-infiltrating immune cells. Tumor were excised from the MC38 tumor-bearing WT (n = 5) and IFNAR1-KO (n = 5) mice, digested with collagenase to make single cells. The digested tumor cell mixtures were stained with Zombie violet and CD4-, CD8-, CD11b-, and Gr1-specific mAbs. The digested cells were gated for single cells, followed by gating for live and dead cells. **d** & **e**. The live cells as shown in C were analyzed for T cells (**d**) and CD11b^+^Gr1^+^ cells (**e**) by flow cytometry. Shown at the left panels are representative plots of one pair of mice. The % tumor-infiltrating CD4^+^ CD8^+^ T cells (**d**) and CD11b^+^Gr1^+^ cells (**e**) were quantified and presented at the right panel

IFN-I and antigen-specific T cell activation and differentiation {#Sec16}
----------------------------------------------------------------

The IFNAR1-TKO mice showed significant deficiency in tumor growth control as compared to WT mice (Fig. [2](#Fig2){ref-type="fig"}C). It is therefore unexpected that deficiency in IFNAR1 does not lead to altered CTL tumor infiltration and differentiation (Fig. [3](#Fig3){ref-type="fig"}C & D). To further determine IFN-I function in T cells and to unmask the effects of IFN-I on T cells from IFN-I-deficiency-related DC deficiency \[[@CR25]\], we created mixed bone marrow chimera mice with WT and IFNAR1-KO mice. The mixed chimera mice have WT DCs from WT BM and thus have functional DC to let us determine the direct function of IFN-I in WT and IFNAR1-KO CD4^+^ and CD8^+^ T cells within the same cellular microenvironment. We used two vaccination models \[[@CR27], [@CR28]\] to stimulate antigen-specific CD4^+^ and CD8^+^ T cell responses in the mixed chimera mice in vivo. The WT (CD45.1^+^) and IFNAR1-KO (CD45.2^+^) CD4^+^ and CD8^+^ T cells were then determined. Interestingly, both CD4^+^ and CD8^+^ IFNAR1-KO T cells were as responsive to antigen stimulation as WT T cells in the mixed chimera mice. As observed in the tumor-bearing mice, there are no significant differences in the levels of antigen-specific CD8^+^ T cells (Fig. [4](#Fig4){ref-type="fig"}A). Although CD4^+^ tumor-infiltrating T cells were significantly lower in IFNAR1-KO tumor-bearing mice as compared to WT tumor-bearing mice (Fig. [3](#Fig3){ref-type="fig"}C & D), IFNAR1-deficient CD4^+^ naïve T cells responded to antigen stimulation to generate antigen-specific CD4^+^ T cells as efficiently as WT CD4^+^ T cells in the mixed chimera mice (Fig. [4](#Fig4){ref-type="fig"}B). We therefore conclude that IFN-I is not essential for antigen-specific T cell activation and differentiation in vivo.Fig. 4IFN-I regulation of T cell activation in vivo. **a**. Mixed WT and IFNAR1 chimera mice were vaccinated sixty nine days after BM adoptive transfer to induce OVA-specific CD8^+^ T cells. The mice received a prime followed by a boost 14 days later. Blood samples were collected and analyzed seven days following the boost. Shown is the analysis gating strategy of white blood cells. The levels of OVA-specific WT and IFNAR1-KO CD8^+^ T cells were quantified and presented at the bottom right panel. Each dot represents data from one mouse. **b**. The mixed chimera mice were vaccinated sixty nine days after BM adoptive transfer with 2W1S peptide to induce CD4-specific activation. 2W1S-specific WT and IFNAR1-KO CD4^+^ T cells were analyzed and quantified as in A

IFN-I regulation of granzyme B expression in CTLs {#Sec17}
-------------------------------------------------

The above findings strongly suggest that IFN-I regulates CTL effector function rather than regulating T cell activation to execute its anti-tumor activity. To test this hypothesis, we isolated tumor-infiltrating CD8^+^ CTLs from the total tumor tissues of the WT and IFNAR1-KO MCA (Fig. [2](#Fig2){ref-type="fig"}A) and MC38 (Fig. [2](#Fig2){ref-type="fig"}B) tumor-bearing mice and analyzed expression profiles of immune genes (Fig. [5](#Fig5){ref-type="fig"}A). Interestingly, the expression levels of five key CTL effector genes, *Fasl*, *prf1*, *Gzma*, *Gzmb* and *Ifng*, and the immune suppressive gene *Il10*, were significantly down-regulated in the IFNAR1-KO tumor-infiltrating CTLs from both MCA and MC38 tumor, respectively, as compared to the WT tumor-infiltrating CTLs (Fig. [5](#Fig5){ref-type="fig"}A). The list of all differentially expressed genes is presented in Additional file [1](#MOESM1){ref-type="media"} Table S2. The Fas-FasL pathway and the perforin-granzyme B pathway are the two primary effector mechanisms that CTLs use to kill target cells \[[@CR35], [@CR36]\]. To determine whether IFN-I regulation of FasL and perforin/granzyme B expression is a general phenomenon in CTLs, a complimentary approach was then used to validate this finding, we sorted antigen-specific WT and IFNAR1-KO CD8^+^ CTLs from spleens of the OVA vaccinated mixed chimera mice (Fig. [5](#Fig5){ref-type="fig"}B). The cells were then analyzed for the expression of immune genes. *Gzmb* and *Il10* expression levels decreased 1.6 folds in the IFNAR1-KO OVA-specific CTLs as compared to the WT OVA-specific CTLs (Fig. [5](#Fig5){ref-type="fig"}C). The list of all differentially expressed genes is presented in Additional file [1](#MOESM1){ref-type="media"} Table S3. These observations indicate that IFN-I is a general regulator of CTL effector granzyme B expression.Fig. 5IFN-I regulates expression of granzyme B in tumor-infiltrating and antigen-specific CTLs. **a**. RNA was isolated from tumor-infiltrating CTLs from MC38 (18 days after tumor injection) and MCA (96 days after MCA injection) tumor models as outlined in Fig. [2](#Fig2){ref-type="fig"}A and B and analyzed for gene expression using the Nanostring immunology gene panel. Genes whose expression levels are 2 or more folds different in tumor-infiltrating CTLs between WT and IFNAR1-KO mice were clustered and presented. Green color indicates higher in WT and red color indicates lower in WT mice. The numbers in the parentheses represent fold decrease in IFNAR-KO mice as compared to WT mice. **b**. Spleen cells from the WT and IFNAR1-KO mixed BM chimera mice were collected 14 days after boost and stained with MHCII-, CD8-, CD45.1-, CD45.2-specific mAbs and OVA tetramer. The activated (OVA tetramer-positive) WT (CD45.1^+^) and IFNAR1-KO (CD45.2^+^) CD8^+^ cells were gated as indicated and sorted for mRNA purification. **c**. RNAs were prepared from sorted cells as shown in B. Fifty ng RNA were analyzed for gene expression using the Nanostring immunology gene panel. Genes whose expression levels are 1.5 or more folds different between activated WT and IFNAR1-KO CD8^+^ T cells from the mixed chimera mice as shown in B were clustered and presented

IFN-I induces STAT3 activation to activate *Gzmb* transcription {#Sec18}
---------------------------------------------------------------

We next used a defined CTL system to determine the function of IFN-I in regulation of granzyme B expression. 2/20 CTLs is an H-2L^d^-restricted tumor cell-reactive CTL line that recognizes the AH1 peptide of the gp70 viral protein \[[@CR37]\]. We first treated 2/20 CTLs with IFNα and IFNβ and analyzed STAT activation. STAT1, STAT3, STAT4, STAT5 and STAT6 were detectable in the resting CTLs and only total STAT4 protein level was increased by IFNα and IFNβ treatment. Treatment of resting 2/20 CTLs with IFNα and IFNβ induced STAT3 activation at 1 h and STAT1 activation at 24 h, respectively, after treatment (Fig. [6](#Fig6){ref-type="fig"}A & B). CTLs were then treated with IFNα and IFNβ in the presence of pSTAT1-specific \[[@CR30]\] and pSTAT3-specific \[[@CR31]\] inhibitor, respectively. Analysis of granzyme B expression revealed that inhibition of pSTAT1 does not cause significant change in granzyme B expression, but inhibition of STAT3 activation diminished granzyme B expression up-regulation induced by IFNα and IFNβ (Fig. [6](#Fig6){ref-type="fig"}C). We therefore conclude that IFN-I induces STAT3 to activate *Gzmb* expression in CTLs.Fig. 6IFNα and IFNβ activate STAT3 to up-regulate *Gzmb* expression in CTLs. **a**. the tumor-specific resting 2/20 CTLs were cultured in the presence of IFNα and IFNβ, respectively, and analyzed by Western blotting analysis for the indicated STATs. **b**. The protein band intensities of pSTAT1 and pSTAT3 as shown in A were quantified using NIH image J and normalized as the ratio over the intensities of STAT1 and STAT3, respectively. Column: Mean; Bar: SD. **c**. Resting 2/20 CTLs were treated with recombinant IFNα and IFNβ, respectively, in the absence (control) or presence of pSTAT1 (+Fludarabine, 10 μM, top panel) and pSTAT3 (+STATTIC, 5 μM, bottom panel) inhibitors, respectively, for 24 h. Cells were analyzed by qPCR for *Gzmb* expression level

STAT3 is a transcription factor. To determine whether STAT3 directly regulates *Gzmb* transcription, we then examined the *Gzmb* promoter and identified six putative STAT consensus sequence elements (Fig. [7](#Fig7){ref-type="fig"}A). Because STAT3 activation peaked at 1 h after IFNα and IFNβ stimulation (Fig. [6](#Fig6){ref-type="fig"}A), we treated the 2/20 CTLs with IFNα and IFNβ, respectively, for 1 h and analyzed protein-DNA interactions by EMSA. We firstly used the pSTAT3 consensus sequence probe as a positive control and the paired mutant probe as a negative control and observed that the activated STAT3 binds to the WT probe but not binding to the mutant probe (Fig. [7](#Fig7){ref-type="fig"}B). We then used the *Gzmb* promoter probes (Fig. [7](#Fig7){ref-type="fig"}A) and observed that IFNα- and IFNβ-induced STAT3 binds to the STAT consensus sequence element GP4 in the *Gzmb* promoter (Fig. [7](#Fig7){ref-type="fig"}C). Initial attempts failed to show anti-pSTAT3 antibody-dependent supershift. We used IL6-treated tumor cells as a positive control and also observed no supershift by anti-pSTAT3 antibody (Additional file [1](#MOESM1){ref-type="media"} Figure S3). However, competition with the cold WT pSTAT3 consensus sequence probe as shown in Fig. [7](#Fig7){ref-type="fig"}B revealed a dose-dependent effect against the *Gzmb* promoter DNA probe (Fig. [7](#Fig7){ref-type="fig"}C). Taken together, our data indicate that IFNα and IFNβ induce STAT3 activation and the activated STAT3 binds to the *Gzmb* promoter to upregulate granzyme B transcription in CTLs.Fig. 7IFNα and IFNβ-activated STAT3 binds to the *Gzmb* promoter in CTLs. **a**. Structures of the *Gzmb* promoter. The six putative ISRE sequences (right panel) and locations (left panel) are shown. **b**. Resting 2/20 CTLs were treated with recombinant IFNα and IFNβ protein, respectively, for 1 h. Nuclear extracts were prepared from these cells and analyzed for STAT3 activation using EMSA with the WT pSTAT3 consensus probe (Santa Cruz Cat\# sc-2571) and mutant probe (Santa Cruz Cat\# sc-2572). Black arrow points to the DNA-pSTAT3 complex. **c**. Nuclear extracts were prepared as in B and analyzed for STAT3 activation using EMSA with the *Gzmb* promoter DNA probe GP4 as indicated in A. To determine pSTAT3-DNA binding specificity, the WT pSTAT3 consensus probe as shown in B was used for cold probe competition at the indicated ratios relative to the GP4 probe as a specificity control. Black arrow points to the DNA-pSTA T3 complex

Discussion {#Sec19}
==========

One of the mechanisms underlying IFN-I function in tumor suppression is their autologous tumor suppressive activity \[[@CR1]\]. Consistent with this notion, we observed that IFNAR1-KO mice are more sensitive to carcinogen-induced tumor development. However, we also observed that IFNAR1-sufficient tumor cells grow significantly faster in IFNAR1-KO mice and in mice with IFNAR1 deficiency only in T cells. Our findings thus indicate that IFN-I also acts through regulating T cell function to execute its antitumor activity, and extend IFN-I function in tumor suppression to T cells.

The mechanism underlying IFN-I function in regulating T cell function in anti-tumor immune response was largely elusive. Although it has been shown that IFN-I positively regulates T cell activation, clonal expansion, memory cell differentiation and survival \[[@CR38]--[@CR42]\], we found that IFN-I is not essential in regulating T cell activation and differentiation in tumor-bearing mice. More importantly, IFNAR1-deficient T cells responded to antigen to generate antigen-specific T cells as efficiently as WT T cells in vivo in the mixed WT and IFNAR1-KO BM chimera mice models. It is known that IFN-I regulates DC function \[[@CR25], [@CR43], [@CR44]\] and DC is essential for antigen-specific T cell activation. In our mixed BM chimera mice models, the WT BM likely generate functional DCs and therefore let us to unmask the function of IFN-I in T cells activation directly. We reproducibly found that loss of IFN-I function in T cells does not impair T cell activation and generation of antigen-specific T cells in vivo.

IFN-I virtually can activate all STATs to regulate target gene expression depending on the cellular context \[[@CR45]\]. IFNα and IFNβ can activate both STAT1 \[[@CR46]\] and STAT4 \[[@CR47], [@CR48]\]. However, STAT1 represses whereas STAT4 activates IFNγ expression in T cells during a viral infection \[[@CR47], [@CR48]\]. In this study, we determined that IFNα and IFNβ selectively induce activation of STAT1 and STAT3 in CTLs in vitro. We further determined that IFN-I activated STAT3 directly bound to the *Gzmb* promoter and inhibiting pSTAT3 decreased IFN-I-induced *Gzmb* expression in T cells. Furthermore, IFNAR1-deficient tumor-infiltrating and antigen-specific CTLs exhibited diminished *Gzmb* expression. Taken together, we have determined that IFN-I regulates CTL effector function through activating the STAT3-granzyme B axis in anti-tumor immune response.

In human breast cancer patients, the autologous IFN-I signaling in tumor cells controls tumor cell response to chemotherapy \[[@CR1]\]. In human melanoma patients, the intrinsic IFN-I signaling pathway is essential for tumor response to checkpoint inhibitor immunotherapy \[[@CR19], [@CR20]\]. Our findings indicate that IFN-I intrinsic signaling in T cells is also essential for expression of granzyme B and T cell function in colon carcinoma growth control in vivo. We have therefore extended IFN-I functions to T cell anti-tumor immune response. It is known that the impaired IFN signaling pathway in lymphocytes is a common immune defect in human cancer \[[@CR49]\]. We observed here that the IFNAR1 is significantly down-regulated in both the colon carcinoma tissues and CTLs of colon cancer patients as compared to the normal colon tissues and CTLs of healthy donors, respectively. Therefore, human colon carcinoma may use down-regulating IFNAR1 in CTLs as a mechanism to impair CTL effector function to evade host cancer immunosurveillance. Our findings indicate that IFNAR1 is potentially a therapeutic target for boosting CTL effector function in human colon cancer immunotherapy.

Conclusion {#Sec20}
==========

Our studies aimed at determining the role of IFN-I in CTL-mediated tumor suppression in the tumor microenvironment. Previous studies have established an essential role of autologous IFN-I signaling in tumor cell response to chemotherapy and immunotherapy. It becomes critically important to determine whether IFN-I plays a role in CTL function in the tumor suppression since the IFNAR1 is down-regulated on CTLs from human colon cancer patients. It is clear that under the conditions used in our studies IFN-I intrinsic signaling pathway plays a fundamental role in T cell-mediated tumor suppression in vivo. Reversal of immune suppression to activate CTLs is the principle action mechanism of current checkpoint inhibitor immunotherapy. Our data determined that IFN-I is not essential for CTL activation but rather is critical in regulation of key CTL effector granzyme B expression and tumor growth control in vivo. We provide evidence that human colon carcinoma cells may use down-regulation of IFNAR1 to impair CTL effector function to evade host cancer immunosurveillance. Therefore, targeting IFNAR1 down-regulation is potentially an effective approach to bypass both PD-L1-depedent and PD-L1-independent immune suppressions to directly activate CTL effector function to suppress colon carcinoma growth.
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